Devonian system composed of limestone, dolomite, phyllite, and even metamorphic quartz 150 sandstone and quartzite at the bottom (Fig. 2) . The cover stratum consists mainly of Quaternary 151 colluvial deposit, gravel clay soil and gravel soil. The river terrace is Quaternary diluvium layer in 152 the front of the landslide. Exposed bedrock that appeared at the back edge and side wall of the 153 landslide was severely eroded with crushed rocks. Joint fissures and small developed faults were 154 obvious on the artificial excavation profiles. 155
Engineering geological contexts 156
The study selected a small landslide as a research object on the Xishan village landslide to 157
show the pipe-network seepage system in the debris landslide (Fig. 3a) . The aim was to verify the 158 effect of the application of joint geophysical techniques on the landslide and discuss the optimum 159 combinations. On the other hand, we attempted to conduct a typical exemplary experiment using 160 multi-geophysical methods on this small landslide for further large scale investigation of the 161
Xishan village landslide. The back edge scarps, inclined trees, tensile cracks on the sidewalls (LF4 162 − LF7) and at the toe (LF8 − LF9) of the landslide were evident along with the landslide 163 deformation ( Fig. 3b and 3c ). The elevation difference of the small landslide was about 126 m 164 with a slope angle of 45° (Fig. 3a) . Vegetation coverage in the front of the landslide was high due 165 to the numerous groundwater outcrops (Fig. 3d) . Groundwater in the landslide mainly included 166
Quaternary loose deposits pore water and bedrock fissure water from alpine seasonal snowmelt, 167 domestic water and farmland irrigation water. Moreover, the maintenance of the drinking water 168 system in the village was so poor that a huge amount of water was flowing along the landslide 169 surface all year long to produce some water-rich zones in the landslide. 170
Human engineering activities, such as old house renovations and new house constructions, 171 posed great influences on the stability of the landslide after the earthquakes. Meanwhile, the 172 landslide was seriously excavated to build rural roads and drinking water system, which actually 173 increased the stability of the landslide with unloading (Fig. 4) . On the other hand, the 174 pipe-network drainage system in the debris landslide was also damaged by the construction works. 175
Poor drainage enabled rise in the underground water level and decrease in shear strength of the 176 soil, which increased deformation of the landslide and threatened safety of the village. Therefore, 177 groundwater drainage became the main factor affecting the stability of this landslide. 178
According to the borehole data, shallow strata of the landslide from top to bottom are 179 Quaternary diluvium, gravel clay soil, gravel soil, strongly weathered phyllite, weathered phyllite 180 and phyllite bedrock. Bedrock outcrops on the surface were consistent with the previous 181 geological survey (Fig. 2) . As shown in Fig. 5 , average thickness of the Quaternary diluvium was 182 about 3.5 m, and thickness of the gravel soil was about 50 m on the longitudinal profile ZZ'. 183
Potential failure surface of the landslide was about 52 m in depth bounded by a 5.0 m thick strong 184 weathered phyllite layer with low shear strength, which facilitated further development of a deep 185 seated landslide. 186
In this study, we selected 4 geophysical surveying lines on the landslide to further learn about 187 the hydro-geological structure based on the previous site investigation. The shallow stratum 188 structure of the colluvial layer was surveyed using MASW and GPR. ERT was used to delineate 189 shallow water saturated zones and seepage paths in the landslide. Surveying lines for the GPR 190 method were P2 and P3, for the MASW method were P1, P2 and P3, and for the ERT method 191 were P1, P2, P3 and P4 ( 
ERT 226
The resistivity value mainly depends on the mineral components, ground water and 227 electrolytes in the underground media. ERT applied direct current to shallow underground media, 228 and then the current flowing in conductive media was received by electrodes arranged along the 229 profile. The resistivity value was calculated to understand conductive properties of the subsurface 230 media (Reynolds, 1997) . Resistivity data processing was accomplished using the programing code 231 and algorithms of a software RES2DINV. The 2D profile of resistivity was obtained by 232 performing elimination of bad data points, topographic correction, RMS convergence restraint, 233 least-squares inversion and a robust smoothness constraint (Loke and Barker, 1996) . Inversion of 234 resistivity was realized with suppression of the smoothness using the least square method, which 235 adjusted the damping factor and the flatness filter ratio to adapt to different kinds of geological 236 structures according to the quality of records (Loke, 2001) . 237
As far as landslide investigation is concerned, ERT was applied in detecting high saturated 238 the profiles using the high density resistivity method. The device used in this study was a WGMD 241 multifunction digital direct current (DC) system. All of the resistivity profiles were obtained after 242 8 iterations, and the RMS error in percentage at the last iteration was controlled to below 5%. Two 243 dimensional resistivity profiles along the survey lines were produced using the Wenner 244 configuration with 60 electrodes, 1.5 m apart, to derive a detailed distribution of shallow 245 groundwater in the debris landslide. 246
GPR 247
Ground penetrating radar emits an electromagnetic pulse into the ground by chosen antennas. 248
The wave propagation, time-frequency and amplitude characteristics of electromagnetic signals 249 could then be analysed in order to understand the structure of the near-surface medium (Neal, The microtremor survey instrument comprised a broadband seismometer CMG-3ESPC and a 279 data acquisition device REFTEK 72-08A from the Chinese seismic probe array center (CSPAC), 280 mainly including a broadband seismometer, battery, GPS clock, data collector and wires, etc. The 281 single-point circular array observation system comprised seven sets of microtremor instruments to 282 observe digital signals simultaneously, and the synchronization was controlled by an inner GPS 283 clock in the collector. As shown in Fig. 6a , here S1 is the center point (survey point), and the other 284 six points (S2─S7) are station points. A total of six microtremor observation points (S2─S7) are 285 equally spaced on the circumference of two circles with radius of r1 and r2, respectively. The 286 detection depth of the SPAC method was 3 to 5 times more than the observation radius (Okada, 287 2003) . Preliminary geological survey showed that the maximum thickness of the landslide was 288 about 60 m. Therefore, we selected an inner radius of 5 m and an outer radius of 10 m to achieve 289 the SPAC detection depth (Fig. 6b) . Finally, observation was conducted for two hours at each 290 survey point after the instrument was stable. 291
Results and discussion

292
Shallow colluvial layer of the landslide 293
To obtain the thickness of the shallow colluvial layer (SCL) of the debris landslide, 294 geophysical methods of MASW and GPR were jointly used to derive shear wave velocity profiles 295 (P1, P2, and P3) and reflection profiles of the radar wave (P2, P3). The interval of surveying 296 points was 6.0 m on all Vs profiles (Fig. 7) . Location of the transverse profiles P2 and P3 were 297 marked with thick black dashed lines on the longitudinal profile P1 as shown in Fig. 7a . Boreholes 298 ZK02 and ZK03 were located at the bottom of the landslide. The reliable investigation depth of 299 MASW was 15 m, which was limited by the broken characteristics of gravel soil. 300
According to the Vs profile of P1, the landslide geological structure was divided into 4 layers 301 In order to verify the SCL results evaluated from MASW, we carried out GPR survey on 316 Profiles P2 and P3. Strong attenuation zones delimited by thick dashed lines in Fig. 8 were in 317 accordance with the low velocity zones (LVZ) in Fig. 7b and Fig. 7c , which showed a good 318 consistency with each other in detecting shallow structure of the landslide. The elastic properties 319 and conductivity of rock and soil in the landslide could be described with shear wave velocity and 320 electromagnetic wave attenuation, respectively. MASW was relatively accurate for probing 321 shallow subsurface with high resolution in the range of 15 m depth, and the critical shear wave 322 velocity of the SCL in the debris landslide was 350 m/s. GPR was faster than MASW in obtaining 323 the radar image of landslide structure based on the dielectric constants of underground materials. 324
Moreover, collapsed zones in Fig. 7 (Fig. 9a) . The credible investigation depth of ERT was about 12.0 m. 342
The resistivity value of landslide material was in the range of 0−300 Ω•m, out of which it was not 343 reliable due to the interpolation in resistivity inversion (Fig. 9a) . In Fig. 9a , thin black dashed lines 344 were used to indicate the thickness of the SCL, and thick black dashed lines delineated the 345 saturated zones or clay rich zones. White arrows showed the drainage direction of groundwater, 346 and seepage field was visible too in the landslide. 347
Comparing with the profiles in Fig. 7 , the resistivity value in Fig. 9was zone, or a high density zone with large boulders or stones (Fig. 4b) . Some different size 358 groundwater outcrop points and drill core samples shown in Fig. 9 could provide some evidence 359 for the above discussion. For instance, groundwater outflow in Fig. 3d was located on Profile P4 360 ( The potential sliding surface estimated by MSM was a weathered phyllite boundary in the 376 range of 45-55 m at depth, and the average depth was 50 m. The location of the weathered phyllite 377 layer determined by MSM was close to the borehole results, and the geometric shape of it was also 378 visible on the Vs profile in Fig. 10 . As far as delineation of weathered bedrock is concerned, the 379 thickness of the weathered layer from borehole ZK03 was about 7.6 m. The strong weathered 380 layer and intermediary weathered layer estimated from ZK03 in Fig.5 were in the range of 381 53.2-55.2 m and 55.2-60.8 m in depth, respectively. Meanwhile, the weathered layer estimated by 382 MSM was in the range of 30-57 m, and the average depth was about 51.5 m corresponding to a 383 shear wave velocity of 400−500 m/s. However, MSM failed to distinguish the strong weathered 384 layer and intermediary weathered layer, owing to insufficient survey points on the cross profile. 385
Ellipses represented the positions of large boulders or stones, which indicated that geophysical 386 survey with high covering density could provide a reference for drilling site selection. Dual-source 387 type surface wave (DDSW) could simultaneously assure both the exploration depth and resolution 388 for the structure detection of landslides. This technology was more effective than drilling in terms 389 of delineating depth, survey range and expenditure, and more suitable for large scale and high 390 density survey of a debris landslide. 391
Hydrogeological model of the landslide 392
A hydrogeological model of the debris landslide shown in Fig. 11 was built based on the above 393 joint analysis on the geological structure, hydrological conditions and potential failure surface 394 through integrated geophysical methods. The shallow colluvial layer was surveyed with MASW 395 and GPR. In situ hydrological information and pipe-network seepage system were extracted with 396
ERT. The geometric shape of the deep seated weathered bedrock and potential sliding surface was 397 delineated with MSM. Strong infiltration was visible, and potential failure surface was finally 398 estimated by both engineering survey and MSM in this model. 399
The internal structure of this landslide from MASW and MSM shown in Fig. 10 could 400 provide a reliable geological structure background for the delineation of seepage system. The gray 401 areas in Fig. 11 represented high-velocity and low-conductivity bodies from MASW and GPR, 402 respectively, which could be interpreted as large stones or hard blocks. The potential sliding 403 surface estimated by MSM was more visible and accurate than that from boreholes. A collapsed 404 low-velocity and high-conductivity block was formed by the confluence of shallow underground 405 water in the loose colluvial layer. The development of a pipe-network seepage system in a gravel 406 soil layer beneath the catchment area was a key factor for the stability estimation of a landslide. 
420
Continuous pore water pressure monitoring via borehole ZK03 using BGK-4500SR osmometers 421
showed that pore water pressure at depth of 25.92 m was high and increased with time, which 422 meant that this location was on the pipe-network seepage paths. By contrast, the pore water 423 pressure was about 7~17 kPa at depths of 8.00 m and 48.12 m and the variation with time was not 424 obvious. These verified the pipe-network seepage system revealed by integrated geophysical 425 investigation. 426 
